Understanding the role of vegetation in the interface between the atmosphere and 2 groundwater is the most decisive key in analyzing the processes involved in water transfer. 3
Introduction 1
Understanding the role of vegetation in the interface between the atmosphere and 2 groundwater is the most decisive key for analyzing the processes involved in water transfer. 3
The main impact of vegetation is root water uptake and hydraulic redistribution, which 4 significantly modifies the processes involved in water transfer in the vadose zone. In Western 5
Europe, hedgerow networks are a common and ancient tree alignment surrounding 6 agricultural fields. Hedgerow removal due to farm enlargement is the major land use change 7 since the Second World War. Previous studies suggest a significant impact of hedgerows on 8 soil moisture (Caubel, 2001 have been highlighted by Walter et al. (2003) . In agricultural landscapes throughout the 13 world, combining trees and crops seems an appropriate alternative for providing the benefits 14 of trees to crop requirements. Water availability can be monitored using direct and indirect 15 soil moisture sensors. As significant spatial variability exists in the vadose zone, a dense array 16 of sensors (e.g. tensiometers, TDR, piezometers) is usually required. However, a high density 17 of sensors is not only expensive, but drilling to install them can disrupt hydraulic contact and 18 induce preferential flow. Non-invasive geophysical imaging techniques, such as electrical 19 resistivity tomography (ERT), might be an alternative way to monitor matric-potential 20 distribution in the soil in relation to root water uptake. Specifically, ERT allows the spatial 21 distribution of soil electrical resistivity (ER) to be mapped in 2D or 3D. 22
As a geophysical signal, ER is related to varying physical and chemical characteristics. ERT 23 helps to identify spatial and temporal soil physical properties (e.g. structure, water content, function of soil properties, described the main electrical devices for 2D or 3D surveys and 28 explained the basic principles of data interpretation. Soil ER mainly involves the constant 29 physical properties of the soil, such as clay content, but also involves variable properties over 30 time, such as soil water content, soil water electrical conductivity and temperature (Ward, 31 1990 ; Samouëlian et al., 2005) . Thus, time-lapse ERT is an alternative way to monitor spatial 32 and temporal water flux providing larger spatial scales. Numerous studies have tested the 33 cm deep) in the upslope versus downslope zone. 23
Soil hydraulic conductivity was measured at conditions of near saturation, i.e. at a low water 24 potential of -0.05 kPa, with a Decagon 4.5-cm diameter mini disk infiltrometer (Decagon 25 Devices, 2006). Soil hydraulic conductivity was determined from steady-state flux data 26 according to the Wooding (1968) approach. Multiple depths were measured at each monitored 27 location along the toposequence (Fig. S2 c and d , in the Supplement). As a function of 28 changes in bulk density, hydraulic conductivity at -0.5 hPa water potential (K (-0.5 hPa) ) 29 decreased with increasing soil depth at all locations along the toposequence except for DW2, 30 where a singular point was observed at a depth of 60 cm. Mean K (-0 were relatively homogeneous in the vertical plane upslope from the hedgerow; while a 3 difference of two orders of magnitude was observed between the topsoil and subsoil in the 4 downslope zone. A lower K and higher bulk density are well-known characteristics of 5 bottomland soils. 6
The soil surface occupied by roots along the trench was estimated using a quadrat of 1 m² 7 subdivided into 100 squares of 100 cm 2 each (Breda et al., 1995) . First, the quadrat was 8 located at a depth of 10-110 cm to avoid counting pasture roots in the top layer. Otherwise, 9 roots without woody structure were not considered. For each 100 cm² square, only the woody 10 roots were counted and summed for the 1 m² section of the trench, both upslope and 11 downslope, and the percentage of total woody roots that occurred in each section was was asymmetric, with 76% of tree roots located upslope and only 24% of roots located 17 downslope. Vertically, tree roots reached deeper in the upslope zone than in the downslope 18 zone. Moreover, in the upslope zone, 61%, 36%, 3% of roots were, respectively, located 10-19 50, 50-100, and 100-200 cm deep. In the downslope zone, 92% of roots were located 10-50 20 cm deep, and only 8% were 50-100 cm deep. 21
Hydrological monitoring: point measurements 22
Soil matric potential and groundwater level were monitored as described by Ghazavi et al. 23 (2008 Ghazavi et al. 23 ( , 2011 . Seven locations were monitored continuously with one piezometer and five 24 tensiometers each (Fig. 1) . Three piezometers were located at 16, 8 and 4 m upslope of the 25 hedgerow, each with a tube diameter of 11.2 cm and a total length of 7.5 m, of which 4 m at 26 its base were screened. The other four piezometers were located at 1 m upslope and 2, 6 and 27 12 m downslope of the hedgerow, each with a diameter of 6.8 cm and a total length of 4.5 m, 28 of which 2 m at its base were screened. For each monitored location, five tensiometers were 29 installed at depths of 25, 50, 100, 150, and 200 cm. The vertical soil matric-potential profiles 30 were used to interpret the ER. Instruments, Orléans, France). The precision of its intensity and voltage was ±0.3% which is 5 consistent with measurements taken under constant surface conditions. The experimental 6 design included a row of 64 electrodes that were lined up on the soil surface perpendicular to 7 the hedgerow (Fig. 1) . With an electrode spacing of 0.5 m, the experimental device measured 8 31.5 m long. The electrodes remained on the soil surface during the entire experiment to 9 avoid changes in electrode polarization and ensure high-quality measurements. The 10 resistivimeter followed a pre-programmed measurement sequence, and a multiplexer switched 11 among the electrodes. 12 A dipole-dipole arrangement was chosen because it allowed the greatest number of 13 measurements for the number of electrodes present, which was advantageous for data 14 inversion. Moreover, the dipole-dipole array was highly sensitive to horizontal changes in 15 resistivity but relatively insensitive to vertical changes. For each resistivity measurement, an 16 electrical current was passed between two adjacent electrodes (dipole AB), and the potential 17 difference was measured between two other neighboring electrodes (dipole MN). The bulk 18 ER ρ a of a half-space measured with a dipole-dipole electrode array is:
Where I is the intensity of the current passed between electrodes A and B, ∆V is the potential 21 difference measured between electrodes M and N, and k is the "geometric factor", whose 22 value depends on the type of array. For a dipole-dipole array, k is calculated as: 23
Where a is the spacing (distance, in m) between electrodes of each dipole, and n is a dipole-25 separation factor whose value is usually an integer multiple of the distance between the 26 current or potential electrode pair. To obtain the necessary resolution, 646 measurements were 27 taken during each ERT. Measurements were located at 12 pseudodepths of investigation, the 28 first 5 with a of 0.5 m and n of 1, 2, 3, 4 and 6. Since the potential measured between M and 29 N decreases rapidly with increasing n, it is not advisable for n to exceed 6. To maintain 1 measurement quality at greater depths, which have high signal-to-noise ratios, three 2 pseudodepths were investigated with a of 1 m and n of 2, 3 and 4. The remaining four 3 pseudodepths had a of 1.5 m and n of 2, 3, 4 and 5. In a dipole-dipole electrode setup, the 4 spacing between the dipole that passes the current and the dipole that measures the potential 5 difference is gradually increased. By convention, bulk ER measurements are represented at 6 the centre of the quadripole and at a depth proportional to the spacing between dipoles. Each 7 ERT required 1 hour and 40 minutes. 8
ERT data processing 9
Inverting resistivity measurements is an essential step before interpreting them because the 10 raw resistivity measurements rarely reveal the true structure of the soil. Thus, resistivity 11 sections were inverted with the software RES2DINV (Loke and Barker, 1996) using a 12 smoothness-constrained least-square method to produce a 2D subsurface model. In the first 13 iteration, a homogeneous earth model was used as a starting point from which partial 14 derivative values of resistivity could be calculated analytically. For subsequent iterations, a 15 quasi-Newton method was used to estimate the partial derivatives, which reduced computing 16 time. In this method, Jacobian matrices for the homogeneous earth model were used for the 17 first iteration, and those of subsequent iterations were estimated with an updating technique. Bulk ER of unsaturated soils decreases when water content increase, and vice versa (Ward, 27 1990 ). In saturated zones, changes in bulk ER are usually linked to changes in groundwater 28 electrical conductivity. 29
During the monitoring period, soil drying due to evapotranspiration was analyzed using 30 statistics of each ER map. A probability density function (Pdf) of the map at each monitoring 31 time (T01 to T10) was calculated, and Pdfs were compared to select the most contrasting 32 distributions. The lowest ER mean represents the wettest state (T06), while the highest ER 1 mean represents the driest state (T10). The change in ER was calculated between those states 2 and was compared to that in matric potential for the same states. these parameters can be explained in a physical way in combination with porosity: a is related 12 to pore water conductivity, and b is related to soil surface conductivity. The parameter n is 13 related to pore connectivity in the full WS model. 14 Since the variation range of WS parameters is unknown for the toposequence studied, a 15 sensitivity analysis was performed using the range of the parameters presented by Garré et al. (Table 1) respectively; h is pressure head or matric potential [hPa]; and α, n and l are Van Genuchten 28 parameters m=1-l/n (Table S1, in the supplement). 29
RESULTS 1

ER sections and statistical distribution of ER 2
Pdfs of ER at each measurement time (from T01 to T10) were Gaussian and similar to each 3 other except at T10 (Fig. 3 ). T06 and T10 had the greatest differences in ER value statistics 4 (see Table 1 ) and were selected as the wet and dry states, respectively. To avoid redundancy, 5
we describe only ER maps of T06 and T10. The 10 measurement dates (from T01 to T10) are 6 in the supplements (Fig. S5) . At both dates, a superficial layer from 0-0.8 m deep in the 7 upslope zone with 100-200 Ω.m of ER. In the downslope zone, a small localized resistive 8 structure appeared at a distance of 1-2 m from the hedgerow. In the upslope zone a resistive 9 layer was formed by the unsaturated well-drained organo-mineral A horizons (Fig. 4) . Below 10 this resistive layer, a conductive one was observed with 20-60 Ω m of ER. The thickness of 11 this conductive structure decreased and reached the ground surface 4-12 m downslope from 12 the hedgerow and had a vertical conductive structure below the hedgerow. A third layer with 13 resistivity ranging from 60 to >200 Ω m was observed deeply (<-2 m) in the upslope zone and 14 was shallow downslope from the hedgerow and slightly variable along the slope (Fig. 4) . 15
Over the studied period, a discontinuity in this layer between upslope and downslope zones 16 appeared vertically below the hedgerow where the lowest resistivity (< 20 Ω m) was observed 17 (Fig. 4) . Local resistive structures (>150 Ω m) were observed at cross-section boundaries, 18 below the ditch and at DW12. These local anomalies were probably due to inversion -method 19 artefacts. 20
Time-frame ERT and matric potential profiles 21
The map of percentage change in electrical resistivity highlights temporal changes in ER 22 between wet (T06) and dry (T10) states (Fig. 5) . This map was compared to matric potential 23 profiles measured for each location at T06 and T10 (Fig. 5) . The map of (Fig. 5) . According to matric potential data, the 2 topsoil layer was drier (at depths of 0.25 and 0.5 m) than the subsoil (at depths of 1, 1. respectively. The soil was unsaturated to a depth of 0.40 m at 6 m downslope. Moreover, even 7 though the soil was saturated by groundwater, electrical resistivity of several localized 8 structures increased by 5-80% (Fig. 5) . These structures were located mainly from 9-11 m and 9 1-3 m upslope and 1.5-4 m and 11-13 m downslope. 10
Pdfs of ER (Fig. 6a) highlight the shift in mean ER between the entire domain and the topsoil 11 layer, as do mean values of matric potential Pdf (Fig. 6b) . For the topsoil layer, mean ER was 12 highest when mean matric potential was lowest, corresponding to the driest soil, for both the 13 wet and dry states. The difference in ER between the entire domain and the topsoil layer was 14 about 26 Ω m for T06 (wet state) and reached 110 Ω m for T10 (Fig. 6a) . For matric potential, 15 the difference between the entire domain and the topsoil layer was about -73 hPa for T06 and 16 -200 hPa for T10 (Fig. 6b) . The greatest changes in both ER and matric potential were located 17 in the topsoil. In the topsoil layer, change in mean ER and matric potential between the wet 18 and the dry state was about 120.5 Ω m and -277 hPa (Fig. 6 a and b) , respectively. Pdfs of ER 19
and Pdfs of matric potential show the same shape between the wet (T06) and dry (T10) state, 20
with an increase in data dispersion due to the highest amplitude during the dry state (Fig. 6) . 21
Comparison of point measurements: matric potential versus ER 22
In the unsaturated topsoil, point measurements of matric potential were consistent with ER 23 extracted from each grid (Fig. 7) . Two behaviors were observed for the locations inside and 24 outside the root zone (Fig. 7) . According to the root system pattern ( Fig. S2e and S2f, in the 25 Supplement), we assumed that UP16, UP8 and DW12 were not influenced by the root system 26 and were thus outside the root zone. The locations assumed to be inside the root zone were 27 UP4, UP1, DW2 and DW6. For the locations inside and outside (Fig. 7 ) the root zone, two 28 different patterns in the relationship between ER and matric potential were observed. Outside 29 the root zone, a linear relationship was observed (R²=0.8), whereas a dispersion in this 30 relationship appears for the measurements inside the root zone (R²=0.3). Also, matric 31 potential range measured outside the root zone remained in the same order of magnitude for 1 both wet and dry states. The wet (T01 to T06 in Fig. 7 ) and dry (T07 to T10 in Fig. 7 ) states 2 were analyzed separately. 3 Upslope, the location situated 4 m from the hedgerow (UP4) showed a pattern similar to those 4 outside the root zone during the wet state (Fig. 7) . UP4 switched to the pattern of the locations 5 inside the root zone during the dry state (Fig. 7) . 6 3.4 VWC estimation 7 Figure 8 shows relationship between ER and VWC obtained from the WS model with a 8 standard deviation corresponding to the set of WS parameters. The range of variation in VWC 9
prediction from the WS model was highest for small ER values (<75 Ω m). Outside the root 10 zone (Fig. 8) , VWC values predicted from the retention curve were consistent with VWC 11 from the WS model both for wet (Fig. 8a ) and dry states (Fig. 8b) . Inside the root zone (Fig.  12   8) , VWC values predicted from the retention curve were smaller than VWC from the WS 13 model except for UP4 during the wet state (Fig. 8a) . At UP4, VWC predicted from the 14 retention curve was slightly smaller than that predicted by the WS model during the dry state 15 (Fig. 8b) . 16 Figure 9 shows the relationship between VWC estimated from the retention curve and VWC 17 predicted by the WS model. Red and gray circles show locations outside and inside the root 18 zone, respectively. The wet (T01 to T06 in Fig. 9 ) and dry (T07 to T10 in Fig. 9 ) states were 19 analyzed separately. For the both wet and dry states, the relationship between the two 20 predictions had a strong correlation (r=0.9) for locations outside the root zone. Predictions for 21 UP4 were quite good, especially for the wet state (Fig. 9) . During the dry state, the 22 relationship between the two predictions remained acceptable, with a smaller VWC from the 23 retention curve (Fig. 9) . A shift between the locations inside and outside the root zone 24 indicates two different patterns. VWC values predicted from the WS model show highest soil 25 moisture for locations inside the root zone (Fig. 9) . 26
DISCUSSION 27
Predicting VWC from ERT has become a classical approach widely used by geophysicists. 28
The method developed has several steps summarized on (Fig. 10) , from data acquisition to 29 processing. ERT, matric potential, and groundwater level measurements were performed over 30 the studied period. PSD, bulk and root density were also characterized along the 31 toposéquence. Changes in ER over time were predicted without removing the effect of soil 1 temperature variations over the study period, since these data were missing. Pdfs of ER and 2 matric potential were helpful for analyzing the statistical range of data and selecting the 3 relevant monitoring time. The most contrasting times, corresponding to the wettest (T06) and 4 driest (T10) states, were analyzed. ER and matric potential data from the unsaturated zone 5 were extracted to analyze the relationship between ER and matric potential (Fig. 10) . ER 6 measurements were also converted to VWC by a simplified petro-physical model of Waxman 7 and Smits. VWC was also predicted using retention curves (Fig. 10) . Outside the root zone, 8 the same relationships between ER and respectively VWC, and matric potential were 9 observed for the wet and dry periods. Inside the root zone, a non-stationarity on those 10 relationships was observed (Fig. 10) . 11
Soil properties and horizons organization 12
Vertically, ER maps revealed three main structures along the toposequence: (i) a resistive 13 topsoil layer (Figs. 4 and S5) The three main structures are intersected by a vertical conductive structure below the 19 hedgerow (Figs. 4 and S5) . We hypothesized that this structure may result from a higher 20 degree of bedrock weathering caused by the main taproot (Baffet, 1984) . The increase with 21 clay content due to bedrock weathering caused ER to decrease in the vertical conductive 22 structure. Near the taproot, preferential water flow also contributes to bedrock weathering. 23
As expected, our results show that lateral and vertical changes in ER are consistent with clay 24 content measurements at multiple depths (Ward, 1990 ). In the downslope zone, clay content is 25 4-6% higher than upslope zone (Ghazavi et al., 2008 ). In addition, clay content increased and 26 ER decreased with depth for all upslope locations (UP16, UP8, and UP4). ER also decreased 27 when soil bulk density increased from the topsoil to the depth of the unsaturated zone ( than 9 m downslope. The temporal change in ER was largest in the topsoil layer and inside 6 the root zone (Fig. 5a) . Also, matric potential gradients between 2 depths, were highest near 7 the hedgerow (Fig. 5b ). They were induced by root water uptake and agree with the literature 8 on the spatial distribution of oak root systems (Drénou, 2006; Lucot, 1994) . In our study, the 9 spatial distribution of the root system was influenced by soil characteristics and anthropogenic 10 features such as the ditch and the embankment on which the hedgerow was planted. 11
Investigation of root depth along the toposequence was limited by a compact soil layer with a 12 high bulk density of 1.6 (Fig. S2 a and 
Consistency between ER and matric potential 21
Changes in ER are related to parameters such as volumetric water content, solute 22 concentration and temperature (Ward, 1990 ). According to our experimental design, changes 23 in ER were compared to those in soil matric potential, which were converted into volumetric 24 water content by using measured retention curve (section 4.4). 25
Two different behaviors in the relationship between ER and matric potential were observed 26 between locations outside the root zone (UP16, UP8, and DW12) and those inside the root 27 zone (UP4, UP1, DW2 and DW6), with R² values of 0.8 and 0.3, respectively (Fig. 7) . 28
However, for UP4, this relationship adequately fit the curve obtained outside the root zone 29 during the wet state (T01-T06). Despite high root density, UP4 showed the same behavior as 30 the locations outside the root zone. The wet and leafless period, which occurred from autumn 31 to the beginning of spring, without transpiration (Thomas et al., 2012), was characterized by 32 no influence from the root system. The ER-matric potential relationship of UP4 followed the 1 locations outside the root zone during the wet state. For the dry state, ER values doesn't 2 change despite of a change in matric potential. For this location, decrease in matric potential 3 was related to a small change in ER values. Inside the root zone, the relationship between 4 matric potential and ER had high variability from wet to dry states, probably caused by soil 5 heterogeneity (Fig. 7) . A decrease in matric potential (from -100 to -650 hPa) inside the root 6 zone was related to a small change in ER. At our study site, the hedgerow with a bank and a 7 ditch increased soil variability (Fig. 1) . Moreover, as described by Hesse (1990) , variation in 8 topography modifies bulk ER measurements for a given electrode array. For a homogenous 9 soil system, bulk ER decreases over a bank and increases over a ditch (Hesse, 1990) . 10
Topographical singularities create anomalies in ER values. 11
The ability of ER to predict soil matric potential was quite good along the toposequence 12 outside the root zone (Fig. 7) . We hypothesized that the many singularities around the 13 hedgerow, combined with the high root density, increased the signal-to-noise ratio. 14 Considering the shift in mean ER (Pdf in Fig. 6a ) between the wettest (T06) and driest (T10) 15 states, the decrease in matric potential did not change the shape of ER distributions but only 16 their mean values, which was highest when the soil was drier. Matric potential profiles (Fig.  17 5b) showed a drier zone inside the root zone. VWC values predicted by the WS model were consistent with those from the retention curve 22 (Fig. 8) , suggesting the ability of ER to predict soil moisture in a homogenous soil system. 23
Differences in VWC prediction inside the root zone were observed for both wet and dry states 24 (Fig. 8) agreement between WS and retention curve predictions during the wet state highlights the 1 ability of ER to predict soil moisture (Fig. 9) . A linear relationship was observed between 2 VWCs predicted by the WS model and the retention curve. Inside the root zone, VWC 3 predicted with the WS model overestimated soil moisture for both wet and dry states. 4
Overestimation of soil moisture inside the root zone was probably related to soil 5 heterogeneity. Also, shallow groundwater up to 2 m deep maintained a relatively wet soil 6 along the toposéquence. No change in water content occurred, since the all pores of the 7 saturated zone were occupied by water. We conclude that changes in ER were probably 8 related to changes in electrical conductivity of soil water. We also observed a high chloride 9 concentration below the hedgerow in the same toposequence (Grimaldi et al., 2009). It is well 10 known that ER decreases when ionic concentration increases (Ward, 1990 ). Since chloride is 11 a conservative solute, its concentration increased with water and nutrient uptake. ER, and soil matric potential at the same spatial (grid size) and temporal resolutions. In this 24 way, the perspective of using ER maps as a proxy for chloride accumulation in the vadose 25 zone could be addressed. 26
The originality of our approach consists in analyzing both spatial and temporal effects of soil 27 moisture. Spatial effects of the root zone induced a non-stationarity of the relationship 28 between VWC (or ψ) and ER (Fig. 10 ) for dry and wet periods. The temporal effect was 29 mainly controlled by the seasonality (wet and the dry periods), which is well known as a first-30 order forcing. 31
CONCLUSION 1
ERT monitoring offers a non-invasive tool with a high resolution, providing information 2 about soil horizon geometry as well as physical and chemical properties. The geophysical 3 signal reveals combined contributions from the main parameters (i.e. structure, water content, 4 fluid composition), but their individual effects are more difficult to assess. 5
The hydrological year studied was particularly wet. The Pdfs of ER and matric potential 6 measurements for wettest and driest states show the largest difference in mean values in the 7 topsoil layer. The relationship between ER and matric potential highlights different trends 8 inside and outside the root zones. Also, the heterogeneous zone, below the hedgerow, 9 identified using ER changes and matric potential profiles, were consistent with vertical and 10 horizontal root density. Two different behaviors for locations inside and outside the root zone 11 were identified. A strong correlation between VWC values predicted by the Waxman and 12
Smits model and those obtained by the retention curve was observed outside the root zone 13 (r=0.9). In contrast, ER and soil moisture have a weak correlation at the hedgerow proximity. 14 A shift in the VWC from Waxman and Smith and retention curve was observed inside the 15 root zone revealing the non-stationarity in this relationship between wet and dry periods. T02  T03  T04  T05  T06  T07  T08  T09  T10 
